Abstract. To quantify the complex relationships between (1) the temperature, and temperature differences, on the surface of the breast as recorded by infrared thermal imaging and (2) the underlying physiological and pathological factors, we have developed a dynamic finite element method for comprehensive modeling of both the thermal and elastic properties of normal and tumorous breast tissues. In the steady state, the gravity-induced deformation is found to cause markedly asymmetric surface temperatures even though all thermal-elastic properties are symmetrical. In the dynamic state, the time course of breast thermal imaging in cold-stress and thermal-recovery procedures is found to be useful in characterizing the origins of the thermal contrast on the breast surface. The tumor-induced thermal contrast has slower temporal behavior than the deformation-induced thermal contrast on the breast surface, which may lead to improvements in breast-tumor diagnosis.
Introduction
Infrared thermal imaging of the breast, i.e., thermography, has shown promise to be a noninvasive and effective adjunctive modality to X-ray mammography in breast cancer screening [1, 2] . Recent developments in computerized thermogram analysis have enhanced the reliability of thermogram-based cancer detection [3, 4] . A large-scale clinical trial has confirmed that infrared thermal imaging can provide effective assessments to suspicious lesions in mammography [5] . On the other hand, the regular static thermography recorded from the breast surface has inherent limitations, e.g., the higher false-positive rate and the insensitivity to the deep or "cold" tumors [6] . Dynamic thermal imaging has been proposed to improve the tumor detectability by recording and analyzing the temporal behaviors of breast temperatures during certain transient processes, such as cold-stress or thermal-recovery [6] [7] [8] .
For both static and dynamic thermography, it is essential to understand the specific relationships between the thermal behaviors of the breast and the underlying physiological and pathological conditions to improve breast tumor diagnoses and/or treatment evaluations. A number of static thermal modeling studies [9] [10] [11] [12] [13] have been reported based on analytical or numerical solutions of the equation of the breast bioheat equilibrium states.
Those studies have considered the effects of the thermal conductivity, metabolic heat generation, and blood perfusion. Nevertheless, how to comprehensively quantify the complex interactions of the internal and external factors represented by the breast thermogram remains an open question, especially for dynamic techniques.
Previous numerical thermal-modeling studies did not take into account breast deformations caused by gravity. It has been noted, however, that the breast geometry may deform substantially merely because of body posture changes [14] , and that the nonlinear elasticity effects associated with large deformations may not be negligible [15] . A recent simulation study using combined thermal and elastic modeling [16] indicated that the gravity-induced deformation alone can affect the temperature distribution throughout the breast. In general, the current breast thermal modeling techniques are based on the steady-state bioheat equation [10] [11] [12] [13] , and are thus unable to characterize the transient thermal activities during a cold-stress or thermal-recovery procedure [7] .
In this paper we develop a 3-D finite-element method (FEM) for combined modeling of the thermal and elastic properties of the breast to investigate their effects on the thermal contrast of both normal and tumorous breasts. The nonlinear elasticity of tissue associated with large deformations was taken into account by using a step-wise linearization strategy. Those techniques were extended to address the problem of dynamic thermal modeling. Our results indicate that either gravity-induced deformation or a breast tumor can generate characteristic thermal contrast on the surface. More importantly, we can discriminate between them because the tumor-induced thermal contrast has a dynamic time course that is much slower than that of the deformation-induced thermal contrast during a cold-stress or thermal-recovery process. These findings provide quantitative evidence that may improve breast-tumor detection with dynamic thermography.
Methods
Linear Elastic Finite-Element Modeling. The normal breast was initially assumed to be hemispherical and composed of four concentric tissue layers with uniform thickness, representing the core glandular, subcutaneous glandular, fatty tissues and skin. The radius and thickness of each layer were specified according to the average breast geometry [11, 12] . For small deformations, a linear FEM elastic technique was employed to approximate the gravity-induced deformation under the assumption that the breast tissues are isotropic, homogeneous, and quasi-incompressible, with linear elastic properties [17] . Using a tetrahedron meshing method, we have an finite element (FE) equation F MQ = , where F is the gravity load vector, M is the characteristic elastic stiffness matrix, and Q is the nodal displacement vector. The elastic properties of normal breast tissues were specified according to recent magnetic resonance imaging elastography studies [18] [19] [20] . A fixed breast base surface was assumed to attach to the chest wall.
Nonlinear Elastic Finite-Element Modeling. For larger deformations, the tissue elastic nonlinearity is governed by are the fitted constants for this tissue. Using an iterative pseudo-nonlinear scheme [22] , the nonlinear elastic deformation of the breast was obtained by a series (N=40) of stepwise linear approximations with increasing gravity from 0 to the full gravity load. The Young's modulus at each loading step was updated based on the strain estimated at the previous step.
Thermal Finite-Element Modeling. The thermal equilibrium of the breast is characterized by Pennes's equation [23] , where T represents the tissue temperature, k the thermal conductivity, m q the volumetric metabolic heat generation rate, and b ω the blood perfusion rate, respectively. We use p c , ρ , and a T to denote the blood heat capacity, the blood density, and the arterial blood temperature, respectively. By applying the same spatial discretization as used for the elastic modeling, the equivalent FE equation was obtained to solve for the breast temperature distribution T, such that P KT = , where K is the thermal characteristic matrix for the breast and P is the source load vector comprising the contributions of m q , b ω , and surface convection. All the thermal properties of normal breast tissues were specified according to [11, 12, 24] . For boundary conditions, the breast-chest interface was assumed to have the constant body temperature of 37 o C; and the heat convective rate was assumed to be constant on the breast outer surface.
Combined Thermal-Elastic Modeling. To investigate the relationship between the breast's temperature distribution and its gravity-induced deformation, two procedures were performed in successive order. First, the elastic FEM modeling was used to obtain the gravity-induced breast deformation as a function of body posture and tissue nonlinearity. Second, the thermal modeling was applied on the deformed breast to calculate the temperature distribution under various elastic and thermal conditions. 
which could be discretized in space and time, such that
, where C is the heat capacity matrix. The derivative term was approximated by a backward difference estimation with step length of t Δ , and a parameter θ was introduced such that 
, where the parameters θ = 0, 0.5, and 1.0 correspond to the forward difference method, the Crank-Nicholson method, and the backward difference method for the iteration, respectively [25] .
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The tumor-induced temperature alterations are estimated by and the tumor geometry is illustrated in Fig. 2 as a 3-D o C to 25 o C. For regional surface temperature (e.g., of the areola), an exponential-like decay pattern is generally observed in the transient temporal curves, which decay faster during the first 20 minutes and gradually slow down and approach the targeted steady-state temperature in about 60 minutes.
Deformation-Induced Thermal Contrast Time Course. The time courses of the DITC index are illustrated in Fig. 3 for characterizing dynamic changes of the deformation-induced surface thermal contrast in both the cold-stress and thermal-recovery processes. It is observed that DITC experiences an initial rapid rise ("bump") or fall ("dip") during the first 5 minutes of the cold-stress or thermal-recovery process, respectively. The larger the temperature difference of thermal stress is, the larger the DITC fluctuation would be. The steady-state DITC has nearly the same value regardless of the initial conditions, as seen in Figs. 3 (a) and (b) . These results suggest that a cold stress may be used to enhance the gravity-induced surface thermal contrast, whereas a thermal-recovery procedure can attenuate it.
(a) (b) Tumor-Induced Thermal Contrast Time Course. As illustrated in Fig. 4 , the transient patterns of tumor-induced thermal contrast (TITC) on breast surface in the coldstress and thermal-recovery are different from those of deformation-induced thermal contrast (DITC). Specifically, TITC exhibits a slower transient than DITC, peaking at approximately 10 and 13 minutes for the cold-stress and thermal-recovery process, respectively. Our results suggest that the dynamic thermogram could be clinically useful by providing a mechanism to discriminate between tumor-and deformationinduced thermal contrast based on the time courses of TITC and DITC.
Discussion and Conclusion
We have proposed a comprehensive modeling technique for breast thermal imaging that takes into account gravity-induced deformations, tissue nonlinear elasticity, and the dynamic thermal behavior in cold-stress or thermal-recovery. We expect the proposed method to provide a stronger foundation for, and greater specificity and precision in, thermographic diagnosis and treatment of breast tumors. The present combined thermal-elastic modeling technique highlighted a general fact that gravity-induced geometric deformation can change the breast temperature distribution in a range of ±0.5 o C, yielding a surface temperature asymmetry in the gravity direction, which has been seen (e.g., in [3] ), but not heretofore explained, in clinical thermograms. The proposed method provides a quantitative basis for this phenomenon by incorporating a gravity-induced deformation that changes the distances between the breast surface and the chest wall. For a tumorous breast, our results indicate that the static tumor-induced temperature alterations can be recognized only for tumors at smaller depths, and that tumor size has less impact than depth in the contributions of tumor-induced temperature changes, consistent with previous clinical and thermal-modeling studies [11, 12] .
Dynamic thermal imaging demonstrates superiority over regular static thermal imaging techniques in terms of the ability to temporally enhance or suppress the thermal contrast on the breast surface. More importantly, different sources of the thermal contrast can be associated with different temporal behaviors of the contrasts in dynamic imaging. For example, the initial "bump" of deformation-induced thermal contrast (DITC) ends at approximately 7 minutes in a cold-stress procedure, whereas the tumor-induced thermal contrast (TITC) is still approaching its peak at approximately 10 minutes. Our simulations suggest that deeper tumors generally lead to smaller peaks but larger lags of the TITC dynamic time courses. These findings can help optimize the dynamic thermal imaging technique, in clinical use, to separate the tumor-induced thermal contrast on the breast surface from the background of other thermal contrast sources.
